Introduction
Silicon (Si) is still now used mainly as power electronic devices. But, it is important to seek for better alternative materials for use in the next-generation power electronic devices due to the physical limitation of silicon. Gallium nitride (GaN) is one of the most promising candidates. Also, GaN has an advantage as a high frequency communication element. GaN-based power electronic devices promises higher energy efficiency devices with capability of handling higher power and longer service life 1),2) , compared with silicon devices. However, in spite of having a significant development in the crystal growth 3), 4) and device processing technology of light emitting diodes (LED) and laser diodes (LDs) 5) , the application of GaN semiconductor to power electronic devices is still far from real.
One of the main problem is the difficulties in formation of low resistance ohmic contact to p-type GaN. GaN has to be connected with metallic materials to form an electric circuit. However, due to the very deep valance band edge for p-type GaN (7.50 eV under the vacuum level), there is no pure metallic element which can directly form ohmic contact with p-type GaN. Without the formation of ohmic contact, the interference of carrier will occur at the contact interface, which generates Joule heat and deteriorates the energy efficiency and the reliability of the devices. Hence, to form an efficient and reliable power electronic device, a clear understanding on formation of low resistance ohmic contact between semiconductors and metallic materials by reducing the Schottky barrier (SB) height and/or width at the contact interface is needed.
The other important problem in realizing GaN-based power electronic devices are related to the low electrical conductivity of p-GaN. The only effective p-type dopant known for p-GaN is magnesium (Mg). Although some decent annealing methods were developed 6),7) after the breakthrough discovery of Mgactivation by electron beam irradiation 8) , new developments of improvement methods for p-type GaN conductivity have not been accomplished. It is reported that only approximately one percent of doped magnesium atoms are activated during Mgactivation 9),10) . This is due to the presence of hydrogen (H) within the Mg-doped p-GaN, incorporated during growth 11) . H is known to electrically passivate the acceptors 12) . This passivation is attributed to the formations of neutral Mg-H complexes where H is bonded interstitially to a neighboring nitrogen atom 13)-15) .
Furthermore, in order to achieve p-type conductivity, postgrowth activation of Mg by thermal annealing, which releases H from GaN, is necessary 6) . The thermal annealing is believed to releases H from GaN but not so effective. The high annealing temperature (973 K) was required to achieve p-type conductivity, but high Ni thin film (~20 nm) was uniformly formed on p-GaN substrates by radio frequency magnetron sputter deposition method. In order to improve the conductivity and electrical contact properties of Mg-doped p-GaN, the enhancement of H release from Mgdoped p-GaN was attempted by applying current flow through the substrates during low temperature annealing at 573 K and 673 K. The microstructure and electrical properties after the annealing were then analyzed by transmission electron microscopy observation, direct current conduction tests and Hall effect measurement tests. The results reveal that no reactions occur at the interface between deposited Ni film and p-GaN substrate during annealing at 573 K for 3600 s. The electrical conductivity of p-GaN shows higher improvement by applying current flow during annealing at 573 K and 673 K, compared to annealing without the current flow. To investigate the effect of applying current flow during annealing, the current values of the samples during annealing with and without applying current flow were measured and they were compared. The mechanism of H release from p-GaN by applying current flow during annealing were discussed. temperature annealing damages GaN device, because GaN is decomposed and N vacancy concentration increases in GaN, i.e., this phenomenon lowers the p-type conductivity of GaN 16) .
Thus, it is important to understand and improve the processes of H release from p-GaN under lower temperature conditions. By enhancing the H release from p-GaN, the electrical properties of p-GaN contact interface also can be improved. The higher carrier (accepter) concentration achieved by enhancing the H release from p-GaN will also reduce the width of the SB formed at the contact interface. By thinning the SB width, the probability of carrier to tunneling through the SB can be increased, resulting in improvement of the electrical properties of the p-GaN contact.
In the present study, in order to improve the conductivity and 
Experimental procedure
Substrates used in the present study were 2.0-μm-thick p-type shows the normalized values of current which change with time, for the samples subjected to annealing at 673 K with and without the current flow. Two curves (dotted and solid curves) in Fig. 4 were obtained by the least square fitting methods of log-log plots from the measured values.
The results reveal that at the early stage up to 660 s into the annealing, the sample subjected to only annealing (solid curve)
show greater increase of current values compared to sample subjected to current flow during annealing (dotted curve).
However, after 660 s into the annealing, the solid curve starts to saturate. In the other hand, the dotted curve keeps increasing until 8000 s into the annealing before starts to saturate.
These results show that the increasing behavior of current values of the samples during annealing, i.e., the enhancement of H release from p-GaN is significantly affected by applying current flow. This mechanism can be detectable from the increase of current values of sample subjected to only annealing as shown in Fig. 4 (solid curve). After annealing for 660 s at 673 K, no more increase of current value is achieved, i.e., the H concentration within p-GaN have reach a saturated point and no more H is released.
The saturated point must still be much higher than the equilibrium solubility.
The arrows marks as (b) and (c) in In the present study, the mechanisms of H release by current flow during annealing at the cathode electrode have been discussed. However, H ions within p-GaN can exist as H + and H -. Therefore, it can be assumed that a relatively identical phenomenon also occur at the anode electrode. Further studies are required to confirm this phenomenon.
In order to investigate the dominant carrier-type of the samples after to annealing at 573 K and 673 K for 3600 s, the Hall effect measurement test at the room temperature is performed. The result reveals that the dominant carrier-type for the samples is p-type (accepter), i.e., the dominant carrier-type of the samples could be retained after the annealing at 573 K and 673 K for 3600 s. The annealing at 573 K and 673 K for 3600 s is suitable for improving the electrical conductivity of p-GaN, while maintaining the p-type carrier.
Conclusions
In the present study, Ni thin film (~20 nm) was uniformly 
